The exploration of unconventional shale energy reserves and the extensive use of 53 hydraulic fracturing during well stimulation have raised concerns about the potential effects of 54 unconventional oil and gas extraction (UOG) on the environment. Most accounts of 55 groundwater contamination have focused primarily on the compositional analysis of dissolved 56 gases to address whether UOG activities have had deleterious effects on overlying aquifers. 57
Here, we present an analysis of 550 groundwater samples collected from private and public 58 supply water wells drawing from aquifers overlying the Barnett shale formation of Texas. We 59 detected multiple volatile organic carbon compounds throughout the region, including various 60 alcohols, the BTEX family of compounds, and several chlorinated compounds. These data do 61 not necessarily identify UOG activities as the source of contamination; however, they do 62 provide a strong impetus for further monitoring and analysis of groundwater quality in this 63 region as many of the compounds we detected are known to be associated with UOG 64 techniques. 65 3
INTRODUCTION 79
The potential effects of unconventional oil and gas (UOG) drilling activities on 80 groundwater quality have led to much concern despite a relative lack of scientific data. 81
Recently, investigations in the Marcellus and Barnett shale formations in Pennsylvania and 82
Texas found elevated levels of dissolved methane 1, 2 and heavy metals 3 in private water wells 83 located near unconventional drilling sites. A number of extraction processes are utilized during 84 unconventional shale exploration including directional drilling, shale acidization, and hydraulic 85 fracturing, in which large quantities of water, proppants, and chemical additives are used to 86 extract sequestered hydrocarbons. Additives used during hydraulic fracturing include 87 viscosifiers, descaling agents, anti-corrosive compounds, lubricants, pH stabilizers, and other 88 solvents that could be harmful if introduced into the environment. 4 Instances of chemical 89 contamination can result from casing failures, which happen in approximately 3% of new gas 90 well operations, 4 although recent findings indicate failure rates closer to 12% within the first 91 year of operation.
5 Recent research has shown that hydraulic fracturing could potentially alter 92 contaminant pathways to aquifers via increased advective transport and/or flow through 93 existing fractures widened by UOG activities. 6, 7 Additionally, surface sources such as 94 mishandled waste fluid and produced waters or spills of UOG fluids during stimulation or 95 completion of wells may contaminate groundwater, and shallow water wells may be 96 vulnerable to such contamination. 8 
97

One of the more active regions for UOG drilling is in north-central Texas where the 98
Barnett shale formation supports approximately 20,000 UOG wells. This region includes a 99 portion of the Dallas-Fort Worth metropolitan area and outlying areas, and groundwater is 100 potentially vulnerable to contamination from various urban and rural sources. The Trinity and 101
Woodbine aquifers overlying the Barnett shale formation have historically been described as 102 good quality with low levels of heavy metals such as arsenic, selenium, strontium, and barium
5
Cretaceous sand formations of the Trinity Group outcrop in a north-trending band and 130 dip underground to the east, where the aquifer becomes confined. UOG activity in the area and all geospatial analyses were performed ex post facto. Samples 156 were collected throughout Montague, Wise, Parker, Hood, Tarrant, Somervell, Johnson, Hill, 157 Ellis, Dallas, Denton, Collin and Cooke counties (Figure 1 ). Water well depths ranged from 158 10-1200 m according to wellowners, and well depth tends to increase eastward in both 159 aquifers, following the slope of the principal water-bearing formations into the subsurface. 160
Sites were selected on the basis of well owner participation and our ability to collect 161 unfiltered/untreated water that would be representative of the underlying aquifers, as 162 described previously.
3 Measurements for basic water quality parameters such as 163 temperature, dissolved oxygen (DO), conductivity, total dissolved solids (TDS), salinity, pH 164 and oxidation-reduction potential (ORP) were performed with a YSI Professional Plus multi-165 parametric probe, and each water well was purged until measurements for these parameters 166 had stabilized, indicating that samples were representative of fresh groundwater from the 167 underlying aquifer. Two duplicate samples from each private water well were collected in 168 photo-resistant HDPE bottles with no headspace. Samples for metals analysis were filtered 169 and preserved with nitric acid to a pH less than 2 and stored at 4 °C until laboratory 170 procedures could be performed. Samples for anion analysis were preserved with chloroform 171 and frozen to reduce microbial degradation. All laboratory measurements were made within 172 14 days, except for the metal analysis, which was measured within 6 months of collection, per 173 suggested holding times from the Environmental Protection Agency (EPA).
14 Method blanks 174 and random analytical replicates were performed for each set of samples collected across 175 multiple trips from December 2013 to August 2014 (See supporting information for exact 176 sampling dates). 177
Analysis. 178
Chemical analyses included gas chromatography-mass spectrometry (GC-MS), 179 headspace-gas chromatography (HS-GC), inductively coupled plasma -mass spectrometry 180 and -optical emission spectroscopy (ICP-MS and ICP-OES), and ion chromatography (IC were collected from water wells within 1 km of the nearest UOG well, which likely reflects the 219 increased willingness of well owners to participate in this research in more heavily drilled 220 areas. Unfortunately, this opportunistic and necessarily biased sampling hindered our ability 221 to make meaningful inferences regarding levels of contamination as a function of distance 222 from nearest UOG well for several reasons: (1) the expectation of no detection of a given 223 contaminant for a given sample well assumes uniform and substantial sampling across a 224 gradient of distances from UOG wells, but the distribution of well samples as a function of 225 distance from UOG well was strongly right-skewed; (2) the radius of 1 km for the majority of 226 our groundwater samples is not an adequate distance to detect meaningful statistical patterns 227 of contaminant diffusion from the site of UOG wells; and (3) distance to nearest UOG well is 228 positively correlated with depth of groundwater well (r = 0.36, p < 0.0001) (SI Figure 1) , a 229 potential confounding variable (see water quality results below). Water wells in the eastern 230 part of the study area tend to be both farther away from UOG wells (because the Barnett 231 shale formation is westward) and deeper (because the aquifers deepen eastward); thus, 232 explaining observation (3) above. We observed some weak, positive correlations between 233 UOG wells and some analytes, but interpret these results as spurious for the reasons 234 mentioned above in conjunction with the following additional considerations: (1) positive 235 relationships between analyte concentrations and distance from UOG well have no 236 reasonable causal basis, but are readily explained by the correlation with depth of sample 237 9 well, (2) explanatory power of the correlations using distance from UOG well was consistently 238 lower than for correlations with depth of well, suggesting that between these collinear factors, 239 it is more parsimonious to assume that relationships with distance from UOG well are 240 confounded. 241
Water Quality 242
Multiple regression analyses of basic water quality parameters as a function of 243 distance from nearest UOG well (distance) and depth of groundwater well sample (depth) 244 revealed that depth is a substantially better predictor of overall water quality than is distance, 245 albeit most relationships were weak (Table 1 ). In general, TDS concentrations tend to 246 increase eastward in the study area, as groundwater moves along the principal water-bearing 247 formations of the Trinity and Woodbine aquifers. With travel, increased residence (contact) 248 time facilitates more dissolution of aquifer constituents. For example, sodium, chloride, 249 sulfate, and various other constituents tend to increase eastward, as does water well depth. 250
All variables showed a positive relationship with depth except for dissolved oxygen, which 251 showed a negative relationship with depth. Dissolved oxygen levels tend to be higher in 252
shallower, unconfined areas of the aquifer where groundwater mixes with gases in the vadose 253 zone. Values for pH exhibited a nonlinear relationship with depth, with low values in shallow 254 wells, high values at intermediate depths, and a slight trend toward neutral pH for the deepest 255 wells. Values for pH also tend to be lower in the unconfined outcrop zones, where slightly 256 acidic rainwater recharges the aquifers. Model selection indicated that for many variables, an 257 additive or interaction model best explained the total variance in the dataset; however, the low 258 25 Of these ions, bromide has recently been used when attempting to 301 identify formation water intrusion with the aquifer because of its naturally low abundance and 302 conservative behavior in groundwater. High levels of chloride and bromide can be an 303 indication of anthropogenic contamination, one possibility being UOG activity, 26 a result of 304 groundwater mixing with produced water from the shale formation.
25 Bromide was detected in 305 170 water wells ranging from 0.03 to 6.4 mg/L (Supporting Information Descriptive Statistics 306 Table) . Previous groundwater monitoring efforts within a few of the counties sampled in this 307 study showed bromide concentrations up to approximately 3.5 mg/L, with an outlier of 8.4 308 mg/L; however, bromide was not detected in the majority of samples.
26, 27
309
Overall, bromide showed a moderately high positive correlation with chloride when 310 both compounds occurred together (r = 0.32, p < 0.0001), with a particularly strong log-linear 311 trend along a ratio within the ~100-150 range (Figure 2 ). Additionally, a composite variable 312 derived from a PCA of chloride, bromide, and nitrate (all three compounds were strongly 313 positively correlated with the first principal component axis, which had an eigenvalue of 1.351 314 and explained 45.1% of the total variance in this combination of variables) was negatively 315 12 correlated with depth of groundwater well (r = -0.34, p = 0.002), suggesting a surface source 316 may contribute to observed concentrations of these contaminants (SI Figure 2) . It should be 317 noted that denitrification and reducing conditions at higher depths could also lead to this 318
correlation. 319
Calculating the chloride/bromide mass ratio of groundwater samples can be useful for 320 sourcing contamination or mixing of sources.
28 Previous investigators used chloride/bromide 321 ratios to identify potential sources of groundwater contamination.
29 Based upon several 322 published studies, chloride/bromide ratios generally range from 50-150 in atmospheric 323 precipitation, 300-600 in domestic sewage, 1000-10,000 in dissolved evaporites, and 100-200 324 in unimpaired, shallow groundwater. 30 In oilfield brine (formation water), chloride/bromide 325 ratios vary widely, but typically fall between 100 and 300. This ratio can also be achieved by 326 Only eight samples had a chloride/bromide ratio less than 10. In previous studies, such 338 extremely low ratios have been attributed to mixing of groundwater with runoff impacted by 339 brominated gasoline additives. 32, 33 Five of the eight samples with chloride/bromide ratios 340 below 10 are located adjacent to a state highway or interstate. 
358
These ions can also originate from natural sources such as the mineral constituents of 359 the aquifers. Changes in oxygen-reduction potential can also change valence states, which 360 may liberate or bind some of these species. As such, some fluctuation is expected to occur 361 naturally, as well as be induced by changes in water levels and redox conditions caused by 362 pumping. Compared to the previous measurements collected by Fontenot et al. 3 , ORP values 363 suggested a more oxidative environment with a median value of 80.7mV compared to a 364 previous median value of 28.6. Coupled with an increase in pH from 7.69 to 8.30, the current 365 conditions are less favorable for dissolved metals compared to the conditions observed in 366 2011. Additionally, the samples in Fontenot et al. 3 were not acidified and filtered as they were 367 14 sampling for total metals not dissolved metals as in the current study. However, it should be 368 noted that this difference in sampling protocol likely cannot account for the large variations in 369 metals concentrations between the two studies as total metals analysis usually leads to a 370 more conservative concentration estimate than dissolved metals analysis. 371
Beryllium, iron, and molybdenum were also elevated in 75, 87, and 187 of the 372 groundwater samples, respectively, with a higher than expected frequency of MCL 373 exceedances in Montague County based on chi-squared tests (Table 2) . Beryllium 374 exceedances (0.004 mg/L MCL) were also detected at a higher than expected frequency in 375
Parker and Tarrant counties; whereas iron exceedances (0.3 mg/L MCL) levels were also 376 higher than expected in Cooke and Johnson counties, and molybdenum exceedances (0.04 377 mg/L MCL) were more frequent in Parker and Wise counties ( Table 2 ). The significance of 378 these three ions remains to be determined, as there is no historical precedent for reference. 379
Other metal ions found in excess of their respective MCL values include barium (1 sample), 380 chromium (1 sample), copper (1 sample), nickel (16 samples), and zinc (1 sample). 381
Gas Chromatography Analyses 382
GC-MS and HS-GC analyses revealed the most striking results of this study. Of the 39 383 volatile and semi-volatile compounds that were screened, 13 compounds were detected at 384 least once. In particular, methanol and/or ethanol were detected in 35 and 240 wells 385 respectively with average concentrations of 0.5 and 3.2 mg/L and maximum concentrations of 386 44.6 and 394.2 mg/L, respectively. Methanol and ethanol both are used extensively in 387 unconventional drilling as anti-corrosive agents and gelling agents (www.fracfocus.org); 16 388 however, these two alcohols can also be produced in situ. Methanol can be produced through 389 the digestion of methane by methanotrophic bacteria, 35 whereas ethanol can be produced 390 organically by thermophilic bacteria, 36 albeit typically in much smaller concentrations than was 391 observed here. Both methanol and ethanol were found in 19 wells from Denton, Parker, and 392 15 alcohols have been detected previously in this region, but at that time, no conclusions could 394 be made about their origin.
3 Propargyl alcohol and isopropyl alcohol were also detected in 395 155 and 8 water wells, respectively, with maximum concentrations of 26.4 and 9.4 mg/L, 396 respectively. Moreover, when present together, ethanol levels were correlated with propargyl 397 alcohol levels (r = 0.53, p < 0.0001), but not with methanol levels (r =-0.13, p = 0.517). The 398 source of these alcohols remains to be determined; however, methanol, ethanol, and 399 propargyl alcohol were all detected at a greater percentage within the Barnett shale (89, 92, 400 and 90%, respectively) than the percentage of total samples collected within the producing 401 region (83.1%). In particular, ethanol was detected at a higher frequency than expected in 402
Montague, Parker, Tarrant, and Wise counties based on chi-squared analysis; whereas 403 propargyl alcohol was found at a higher incidence in samples from Johnson, Parker, Tarrant 404 and Wise counties (Table 2) . These counties comprise the most productive sub-region of the 405 Barnett shale; 18,559 UOG well stimulation events were recorded here since the year 2000, 406 and collectively, these species constitute a specific sub-set of compounds commonly used in 407 unconventional well stimulation per the 2011 Congressional Report on hydraulic fracturing.
15
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Of the four alcohol species that were detected throughout the study, only methanol showed a 409 negative correlation with well depth (r = -0.39, p = 0.034), suggesting the source of the 410 methanol originated from the surface, as could result from the mishandling of waste solutions 411 and/or fluid spills. The correlations between well depth and ethanol and propargyl alcohol 412
were not significant (p > 0.05), and there were insufficient detections of isopropyl alcohol to 413 perform a correlative analysis with well depth. 414 Dichloromethane (DCM) was detected in 122 samples, with 121 of these detections 415 exceeding the suggested MCL of 0.005 mg/L, and 93% of the detections coming from 416 samples collected within the Barnett shale region. DCM had a mean concentration of 0.08 417 mg/L across the dataset, with a maximum concentration of 2.9 mg/L. The source of this 418 industrial solvent remains to be determined; however, DCM has been detected in a previous 419 study of groundwater quality in the Permian Basin, a region in western Texas that has recently 420 seen increased UOG activity (Hildenbrand et al., in review) . DCM has also been implicated in 421 air quality contamination events associated with unconventional drilling in Colorado 37 and 422 UOG flowback water. 38 There is no known natural occurrence of DCM except through the 423 microbial degradation of chlorinated solvents with higher degrees of chlorination like 424 chloroform. 39 This explanation is plausible and could apply to the data set given that 425 chloroform was also detected in 330 of the collected samples, and in 41 of the 122 samples 426
where DCM was detected. Consistent with this explanation, a scatterplot of DCM levels as a 427 function of chloroform levels (when both compounds were present in a sample) revealed two 428 discrete clusters of samples with distinct, inverse ratios of these compounds (Figure 3 ). For 429 one cluster of samples, the ratio of DCM/chloroform was ~62:1, whereas in the other, the 430 dominant compound was chloroform with a DCM/chloroform ratio of ~1:32. These striking 431 clusters may be the signatures of two widespread and temporally distinct types of 432 contamination events. The cluster with the higher DCM/chloroform ratio may represent an 433 older contamination event, in which microbial degradation of chloroform had progressed 434 farther than in the more recent event, which accordingly exhibits less degradation of 435 chloroform to DCM. Regardless, the consistent, but distinct, ratios of these compounds for 436 samples constituting those clusters is striking. Alternatively, DCM may also have been 437
introduced from an exogenous source. DCM is a commonly used degreasing agent, 40 and 438 raw use of large volumes of concentrated DCM at the well pad could present a possible 439 pathway for contaminating nearby surface water and shallow groundwater. A breach of 440 flowback waste pits, whether from overflow or faulty linings, can also introduce DCM and 441 many other species into the surface environment.
41 A spill of the solvent solution would 442 account for DCM being present without other chlorinated species. Additionally, 443 trichloroethylene (TCE) was detected in 14 samples at very low levels ranging from 0 to 0.04 444 mg/L, and was detected exclusively from samples collected within the Barnett shale region. 445
Collectively, a possible co-migration of dichloromethane, chloroform, and trichloroethylene is 446 consistent with the previous detection of these chlorinated compounds in flowback water from 447 unconventional drilling operations. Table  482 2). 483
Collectively, these data constitute one of the largest studies of groundwater quality in a 484 shale formation associated with UOG activities. Table 1 . Measures of general water quality variables as a function of distance from nearest 679 gas well (log meter) and depth of sample well (log meter), using multiple regression and 680 model selection (see text for details 
